Introduction
Ionizing radiation triggers intracellular signal cascades by activation of membrane growth factor receptors with tyrosine kinase activity (i.e. epidermal growth factor receptor family (ERBB) receptors, vascular endothelial growth factor receptor (VEGFR), etc.), commonly regarded as mitogenic (Contessa et al., 2002 ). In our current study, we were interested in investigating not only the effect of g-radiation on insulin-like growth factor 1 receptor (IGF-1R) but also the related cellular signaling. Previously, we described the IGF-1R involvement in cell protection from radiation-induced cell death (Cosaceanu et al., 2005) . Blocking of IGF-1R activity by tyrosine kinase inhibitors or by anti-IGF-1R-neutralizing antibodies was shown to increase radiosensitivity in several types of human tumor cell lines (Wen et al., 2001; Cosaceanu et al., 2005) . Nevertheless, the effect of radiation on IGF-1R activation is poorly understood. The IGF-1R, a transmembrane growth factor receptor from the receptor tyrosine kinase family, consists of three domains: an extracellular ligand-binding domain, a transmembrane lipophilic domain and an intracellular catalytic tyrosine kinase domain (Ullrich et al., 1986) . IGF-1R activation by its ligand, insulin-like growth factor 1 (IGF-1), activates the receptor via tyrosine autophosphorylation within its intracellular domain (LeRoith et al., 1995; Baserga et al., 2003) . IGF-1R is known to be involved in transformation, thereby acting as a potent survival factor in numerous cell lines (Dricu et al., 1997; Rubini et al., 1997) . The tyrosine autophosphorylated domain serves as a binding site for adapter proteins, leading to intracellular transmission of receptor signaling (Peruzzi et al., 1999) . The IGF-1R intracellular signaling is mediated by several groups of protein kinases, some of which (c-Jun N-teminal kinase, extracellular signal-regulated kinase, p38 kinase) belong to the mitogen-activated protein kinase (MAPK) family (Seger and Krebs, 1995) . Other known IGF-1R intracellular pathways include the phosphatidylinositol 3-kinase (PI3-K)-dependent activation of p70S6K and protooncogene Akt, which have been associated with Bad activation (Shepherd et al., 1998; Barlund et al., 2000; Zingg et al., 2004) . Interactions between PI3-K and p38-MAPK pathways have been reported in some cell systems (Fegley et al., 2003; Yamagishi et al., 2003) . Interestingly, many of these IGF-1R-dependent intracellular cascades are shared by several tyrosine kinase receptors (TKRs) and are reported to be upregulated in response to ionizing radiation (Contessa et al., 2002) . For example, radiation-induced MAPKs are identified as epidermal growth factor receptor (EGFR)-dependent in a spectrum of human cell lines (Contessa et al., 2002) . In a similar manner, the PI3-K/Akt signaling cascade is activated through growth factor-and radiation-induced ERBB and VEGFR activation in tumor cells (Zingg et al., 2004) . Although the effect of ionizing radiation, through RTKs activation is likely mediated by the PI3-K and MAPK pathways, the IGF-1R behavior and its signaling in response to radiation is still to be investigated. Evidence for IGF-1R-mediated PI3-K activation are demonstrated in many cell types (Parrizas et al., 1997b) . However, IGF-1R signaling via PI3-K does not occur in all contexts. In 3T3-cells, IGF-1R-mediated radioresistance is described as PI3-K-independent (Dong et al., 2002) . In addition to promoting proliferation in response to radiation, IGF-1R may also prevent radiation-induced cell death by interfering with proteins involved in the repair of DNA lesions (HeronMilhavet et al., 2001; Trojanek et al., 2003) . For example, IGF-1R activation can rescue NWTb3 cells overexpressing IGF-1R from overall DNA damage induced by ultraviolet (UV)-mimetic agents, by a mechanism that involves p38 kinase (Heron-Milhavet et al., 2001) . More specific, a direct involvement of IGF-1R signaling in homologous recombination repair but not in non-homologous end joining repair has been reported too (Reiss et al., 2006) . Thus, the survival signaling cascade from IGF-1R is very complex and seems to be dependent on the cell type and on the type of stress. As activation of IGF-1R and its signal-transduction pathway are involved in resistance to ionizing radiation, it is now important to elucidate the molecular partners involved. Therefore, we focused here on IGF-1R activation and on the requirement for IGF-1R-mediated signaling in survival response to radiation. For these purposes, we used a radioresistant lung cancer cell line U1810 that expressed a high number of IGF-1R at the cell surface.
Results

g-Irradiation activated IGF-1R in human lung cancer cells
Several membrane growth factor receptors with tyrosine kinase activity are rapidly activated by ionizing radiation triggering growth regulatory networks that might determine cell fate (Schmidt- Ullrich et al., 2000; Contessa et al., 2002) . Our previous results indicated IGF-1R as a protection factor for g-irradiation-induced cell death in U1810 non-small-cell lung cancer (NSCLC) cells (Cosaceanu et al., 2005) . A distinct activation of IGF-1R by radiation could not be excluded in U1810 cells in which IGF-1R exerted a radio-protective effect. For this reason, we conducted a series of experiments to determine whether exposure of starved U1810 cells to g-radiation could trigger IGF-1R activation. Based on previous data, a radiation dose of 8 Gy was selected to investigate the time course of receptor activation. This radiation dose (8 Gy) caused low cell death in U1810 NSCLC cells growing in standard conditions, but it was very effective to induce cell death in IGF-1R-impaired U1810 cells (Cosaceanu et al., 2005) . We followed the IGF-1R activation up to 8 h post-irradiation and we noticed a radiation-induced receptor phosphorylation, which was reversible and fell to baseline activity level within 8 h (Figure 1a ). Ten minutes after 8 Gy irradiation, there was a clear increase in the receptor phosphorylation level (1.9-fold) in comparison to the unirradiated cells. Earlier than 10 min, no IGF-1R activation by g-radiation exposure was observed in U1810 (data not shown). One hour post-irradiation, the average radiation-induced IGF-1R activation increased 2.5-fold and a maximal activation (5.8-fold) was achieved 2 h post-irradiation. Later on, the receptor phosphorylation decreased in a time-dependent manner reaching 8 h post-irradiation same level of phosphorylation as the unirradiated cells (Figure 1b ). To determine whether U1810 cells have an autocrine IGF-1 and IGF-2 production, which in turn could activate the receptor, thus interfering with radiation-induced receptor activation, we determine the expression of IGF peptides in serum-free medium from the irradiated or unirradiated U1810 cells, at the above described time points: 10 min, 1, 2, 4 and 8 h. Enzyme-linked immunosorbent assay (ELISA) assay was used to examine the presence of IGF-1 and IGF-2 into the cultured medium. As seen in Figure 1a , IGF-1 and IGF-2 protein levels in the conditioned medium were below the detection limit of the kit under all examined situations. We confirmed the results by Western Blotting (data not shown). Thus, U1810 cells produced neither IGF-1 nor IGF-2 into the culture medium and the radiation did not influence the ligand expression.
IGF-1R activation by g-irradiation was analysed in the presence of exogenous IGF-1 as well. For this, U1810 cells growing in serum-free medium were stimulated with 50 ng/ml IGF-1 for 12 h and then irradiated or not. Cell lysates were prepared at various times points and assayed for IGF-1R phosphorylation. In the presence of exogenous IGF-1, 2 h post-irradiation there was a twofold supra-activation of IGF-1R, whereas the phosphorylation level in unirradiated-IGF-1 stimulated cells remained constant (Figure 1d and e).
The effects of different doses of radiation on IGF-1R phosphorylation were also examined. For these experiments, U1810 cells were harvested in serum-free medium for 12 h and then irradiated with 0, 2, 4, 6, 8, 10 and 12 Gy (Figure 1f ). The dose-response analysis showed 1.3-and threefold increase in IGF-1R activity at 2 and 4 Gy irradiation, respectively (Figure 1g ). Saturated IGF-1R phosphorylation was reached at 6 Gy (5.2-fold), with no additional activation at 8, 10 or 12 Gy (Figure 1f ). IGF-1R expression remained unchanged after irradiation treatment (Figure 1a and d) .
Thus, g-irradiation induced IGF-1R activation in serum-free condition and potentiated IGF-1 induced receptor activation.
Thyrphostin AG1024 inhibited IGF-1R phosphorylation and enhanced radiosensitivity in U1810 cells The literature describe the tyrphostin AG1024 as a selective inhibitor of IGF-1R phosphorylation by competing with the receptor substrate (Parrizas et al., 1997a) . In this study, we used AG1024 to block IGF-1R phosphorylation induced either by IGF-1 binding or by radiation. In serum-starved cells, 5 mM AG1024 downregulated IGF-1R activity in both cases: the phosphorylation decreased 70% in the IGF-1-stimulated cells and 65% in the 8 Gy irradiated cells (Figure 2a and b) .
Having shown that AG1024 could suppress IGF-1R activation, we further checked whether this tyrosine kinase inhibitor could influence the U1810 cells survival after g-irradiation. U1810 cells were treated with 5 mM AG1024, irradiated with 8 Gy or subjected to combined treatment with 5 mM AG1024 and 8 Gy for 3 days. The treatment effect was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay. As seen in Figure 2c , a single 8 Gy radiation dose caused a weak cytotoxic effect (10%) in U1810 cells after a 3-day treatment, whereas addition of 5 mM AG1024 significantly potentiated the radiation-induced cytotoxic effect in U1810 cells (Po0.05). After 3 days of combined treatment, cell growth was reduced by 60% in U1810 cells. Figure 1 Time and dose responses of g-radiation-induced IGF-1R phosphorylation. (a) U1810 cells growing in serum-free-medium for 12 h were irradiated with 8 Gy and then incubated at 371C for different periods of times (0 min, 10 min, 1, 2, 4 and 8 h). Cells were then isolated, immunoprecipitated with anti-IGF-1R and the beads were subjected to SDS-PAGE and immunoblotted either with antiphosphotyrosine antibody PY99 (upper panel) or anti-IGF-1R (lower panel) to ensure the loading of equal amounts of protein. IGF-1 and IGF-2 protein levels were evaluated in U1810 cells conditioned medium by ELISA. (c) U1810-starved cells were stimulated with 50 nM IGF-1, irradiated with 8 Gy and after that incubated for different periods of times (0 min, 10 min, 1 and 2 h) at 371C. The IGF-1R expression (lower panel) and phosphorylation (upper panel) was determined as described above. (e) U1810 cells growing in serumfree medium for 12 h were subjected to different irradiation doses (2, 4, 6, 8, 10 and 12 Gy) and after that incubated for additional 2 h at 371C. The IGF-1R expression (lower panel) and phosphorylation (upper panel) was determined as described above. (b, d, f) The fold phosphorylation of IGF-1R was analysed by densitometry and was determined in reference to its activity in cells growing serum-free (a, c) or in IGF-1-stimulated cells (b), which was equal to 1. Values (means) represent data derived from at least two different experiments7s.e. Po0.05 when compared with control. Representative autoradiograms of one of three experiments are shown.
IGF-1R role in resistance to ionizing radiation D Cosaceanu et al IGF-1R activation rescued U1810 cells from radiation killing by involving PI3-K and p38 kinase We investigated the role of PI3-K and p38 kinase by using specific inhibitors for these proteins in order to define the signaling pathways activated by IGF-1R in response to radiation. Unstimulated or stimulated U1810 cells were exposed to a radiation dose of 8 Gy with or without concomitant administration of the following drugs: 5 mM AG1024 (IGF-1R inhibitor), 10 mM LY294002 (PI3-K inhibitor) or 10 mM SB202190 (p38 kinase inhibitor). Figure 3 depicts the inhibitory growth effects, 96 h after these combined treatments.
Low concentrations of inhibitors were used to avoid nonspecific inhibition of other proteins. Ninety-six hours post-irradiation, IGF-1 (lane 5) increased cellular proliferation to a level of 90% above cells not receiving IGF-1 (lane 1). Of importance is the 119% difference in proliferation between the IGF-1-stimulated cells (lane 5) and cells cultured in the same condition but with the IGF-1R blocked by AG1024 (lane 9). Inhibition of IGF-1-induced rescue was detectable in the presence of PI3-K and p38 kinase inhibitors. LY294002 reduced by 43% (lane 7) and SB202190 (lane 8) by 37% in comparison to IGF-1-stimulated cells (lane 5). Inhibitors of the PI3-K and p38-signaling pathways used in combination (lane 9) abrogated IGF-1 rescue of irradiated cells by 121%. The effects of the PI3-K and p38 kinase inhibitors were also examined in unstimulated, irradiated U1810 cells. As expected, the addition of PI3-K (lane 2) or p38 (lane 3) inhibitors reduced cell survival by 29 and 37%, respectively, when compared with control cells (lane 1). The combination of the two inhibitors (lane 4) generated a considerable suppression of cell survival (80%) probably owing to multiple and nonspecific stress -a combination of serum starvation with two inhibitors. Of note is the marked IGF-1-induced rescue against the activity of these combined inhibitors (lane 9).
These results demonstrate that PI3-K and p38 kinase are part of the IGF-1R-mediated radioprotectionsignaling pathway, in U1810 cells.
P38 kinase formed a complex with IGF-1R and promoted receptor signaling Derangement of one or more of the MAPK pathway can cause radioresistance (Shimizu et al., 1999;  IGF-1R role in resistance to ionizing radiation D Cosaceanu et al Watanabe et al., 2004) . The level of P38-kinase activity is reported to be higher in the tumor tissues from NSCLC patients compared to the matched normal lung tissues (Greenberg et al., 2002) . In accordance with these reports, we found that p38 kinase was active in U1810 NSCLC cells growing in standard conditions with no significant activation by ionizing radiation exposure (Figure 4 ). On the other hand, about 22% increase in p38 phosphorylation was observed both in IGF-1-stimulated U1810 cells and in irradiated cells growing in serum-free medium when compared to unirradiated, serum-starved cells (Figure 4) . A 16% increase in p38 kinase activity was observed in irradiated U1810 cells in the presence of IGF-1 stimulation, when compared to unirradiated, IGF-1-stimulated cells (Figure 4 ). Blocking of IGF-1R activity by AG1024 abrogated both IGF-1-and radiation-induced p38 kinase phosphorylations ( Figure 4 ). To study the crosstalk between PI3-K and p38 kinase in IGF-1R signaling, the cells were treated with PI3-K inhibitor LY294002 and the p38 activity was analysed as above. Surprisingly, LY294002 treatment increased p38 kinase activity by 10% in U1810 cells (Figure 4 ). These results were confirmed by immunoprecipitation followed by Western blotting (data not shown). Phosphorylation of p38 kinase in response to IGF-1R activation prompted a test for interaction between the proteins. The binding between IGF-1R and p38 kinase was assessed by Western blotting of IGF-1R immunoprecipitated from cytoplasmic fraction and probed with antibody against p38 kinase (Figure 5a IGF-1R role in resistance to ionizing radiation D Cosaceanu et al IGF-1R/p38 kinase complex binding, the cell lysates from IGF-1-stimulated U1810 cells (control), AG1024-treated cells, irradiated cells or subjected to irradiation in the presence of AG1024, were immunoprecipitated with an antibody against p38 kinase and probed with an IGF-1R antibody or with a phospho-specific antibody against p38 kinase (Figure 5c ). We found again that activation of IGF-1R resulted in cytoplasmic IGF-1R/ p38 complex formation (Figure 5b ). Inhibition of IGF-1R by AG1024 provoked IGF-1R/p38 complex disruption and downregulated p38 kinase activity without affecting the protein level (Figure 5b ).
IGF-1R signaling, via p38 kinase, but not via PI3-K, interfered with radiation-induced Ku-DNA binding Repair of DNA double-strand breaks induced by ionizing radiation are generally thought to be crucial for cell survival (Park et al., 2004) . Ku70 and Ku86 are DNA-binding proteins that act as a regulatory part of the DNA-dependent protein kinase (DNA-PK) and initiate the DNA double-strand breaks repair process (Featherstone and Jackson, 1999) . In addition to the DNA-PK regulatory function, the Ku70/Ku86 heterodimer also has an independent DNA repair function (Bliss and Lane, 1997; Featherstone and Jackson, 1999) . The DNA-binding activity of Ku70/Ku86 heterodimer is shown to be essential for resolving random DNA double-strand breaks (Mazzarelli et al., 2003) . In an attempt to define the role of IGF-1R in this mechanism, we examined in U1810 cells the level of Ku-DNAbinding activity in response to radiation with or without IGF-1R inhibition. IGF-1-stimulated U1810 cells were treated with 5 mM AG1024, irradiated with 8 Gy or subjected to combined treatment with 5 mM AG1024 and 8 Gy for 1, 2, 4, 8, 24, 48 and 72 h. At the indicated time, independent nuclear extracts from U1810 cells were used and the Ku-DNA-binding assay was performed according to the manufacturer (Active Motif, CA, USA). Irradiation-mediated Ku-DNA-binding activity was detectable 4 h post-irradiation, increased over time and remained active up to 72 h (Figure 6a-c) . Ku-DNAbinding activity increased by 10-20%, 4-8 h after an 8 Gy irradiation dose, by 50-60% after 12-24 h and by 30-40% 48-72 h post-irradiation when compared to the control. IGF-1R inhibition decreased the radiationinduced Ku-DNA-binding activity at all time points, when compared to the control (Figure 6a ). Forty-eight and 72 h after irradiation the Ku-DNA-binding activity decreased by 20 and 40%, respectively, when compared to the control (Figure 6a ). p38 kinase and PI3-K blocking studies were performed at 4, 8, 12, 24, 48 and 72 h to study the IGF-1R downstream signaling involvement in Ku-DNA-binding activity (Figure 6b and c). No radiation-induced Ku-binding activity was detected after inhibition of p38-kinase by SB202190 in IGF-1-stimulated U1810 cells (Figure 6b ), indicating that IGF-1R exerted its regulatory effect on Ku-DNAbinding activity via p38 kinase. Unexpectedly, PI-3K inhibition by LY 294002 did not affect the radiationinduced Ku-DNA-binding activity (Figure 6c ). IGF-1R role in resistance to ionizing radiation D Cosaceanu et al complex formation. Equal amounts of proteins, taken from the same nuclear lysate, were Ku70-immunoprecipitated followed by Ku86-immunoblotting and vice versa (Figure 7a and b) . In the case of immunoprecipitation with Ku86 followed by immunoblotting with Ku70, we noticed the following: both Ku86 and Ku70 levels were decreased 48-72 h post-irradiation (Figure 7a ) and the proteins bound approximately equimolar in the Ku70/Ku86 complex (Figure 7a ). Interestingly, when immunoprecipitation was performed with Ku70 followed by immunoblotting with Ku86, the level of Ku86 but not of Ku70 was downregulated 48-72 h postirradiation ( Figure 7b ). Taken together, these immunoprecipitation experiments indicated that the inhibition of IGF-1R activity in U1810-irradiated cells induced a decrease of the Ku86 level without affecting the Ku70 level. The reduction of the Ku70 level in the Ku86-immunoprecipitated Ku70/Ku86 complex was the consequence of a decreased Ku86 level.
In IGF-1-stimulated and -irradiated U1810 cells, Ku86 nuclear level was reduced by p38 kinase inhibition at 48 and 72 h (Figure 7c ). Inhibition of PI3-K pathway did not influence Ku86 (Figure 7c ). The level of Ku86 and Ku70 remained intact in IGF-1-stimulated as well as in unstimulated U1810 cells 24, 48 and 72 h after 8 Gy irradiation dose (Figure 7d ).
Discussion
Lung cancer cells demonstrate multiple molecular alterations, including activation and overexpression of oncogenes (Tuveson and Jacks, 1999) . Although around 50% of lung cancer patients receive radiation therapy at some point during the course of the disease, resistance to radiotherapy is a common clinical problem. Cancer cells, not lethally affected by radiation can generate a growth response probably through activation of many factors such as oncogenes and mutation of tumor suppressor genes (Girinsky et al., 1993; West et al., 1993; Lichter and Lawrence, 1995; Jung and Dritschilo, 1996; Dowell and Minna, 2005) . In this regard, it is known that many growth factor receptors are activated by radiation, promoting radioresistance in tumor cells (Bowers et al., 2001; Contessa et al., 2002; Griffin et al., 2002; Zingg et al., 2004) . Available evidence indicate that IGF-1R activation leads to increased radioresistance (Yu et al., 2003; Cosaceanu et al., 2005) . Many proteins in IGF-1R intracellular signaling are shared by several TKRs and they are reported to be upregulated in response to ionizing radiation (Wan et al., 2001; Dent et al., 2003) However, a direct activation of IGF-1R was not proven for g-radiation. Here, we demonstrated that in U1810 NSCLC cells g-radiation induced reversible IGF-1R activation under serum-free conditions. For EGFR, the activation was reported to occur in two steps: a primary step within 0-10 min of radiation exposure followed by a secondary step of prolonged activation within 90-240 min (Bowers et al., 2001) . In comparison to the EGFR response, we found that IGF-1R activation occurred 10 min after g-radiation, reached a maximal level 2 h later and lasted longer, up to 8 h. Exogenous IGF-1 potentiated radiation-induced IGF-1R phosphorylation. Because of the existence of potential IGFs autocrine loops, as described for other NSCLC cell lines (Quinn et al., 1996) , evaluating such an event in U1810 cells would be of importance. With the method we used, IGF-1 was not detectable, result confirmed by previous studies in which IGF-1 was absent at the RNA level (Soderdahl et al., 1988; Bredin IGF-1R role in resistance to ionizing radiation D Cosaceanu et al et al., 1999) . For IGF-2, the situation was different. Present at RNA level (Soderdahl et al., 1988; Bredin et al., 1999) , IGF-2 was not detected in the conditioned medium, being probably secreted in amounts that were below the detection limit of the kit we used. Even so, our experiments measured the autocrine ligand production 12-20 h after starvation. Browsing the literature, we noticed that these were early time points in comparison to the ones used in other studies designed for the detection of IGF-1 and IGF-2 in the conditioned medium between 2 and 7 days (Quinn et al., 1996; Bostedt et al., 2001) . With the commercially available immunoassays, it might be possible for IGF-2 to be detectable in U1810 at later time points than 20 h, when it accumulated in the conditioned medium. However, this would theoretically not interfere with our model. The activation of IGF-1R induced by ionizing radiation was an event happening at early time points, with a maximal activation of the receptor seen14 h after starvation.
We were interested in IGF-1R response to different radiation doses and we observed that activation level was induced in a radiation-dose-dependent manner after exposure to radiation in the 2-6 Gy dose intervals with no additional increase after doses of 8, 10 and 12 Gy. The role of IGF-1R activation in mediating radioprotective signals in U1810 cells was examined by inhibiting IGF-1R activity with AG1024. This is a synthetic protein tyrosine kinase inhibitor, which selectively blocks IGF-1R activity by competing with the receptor substrate (Parrizas et al., 1997a) . Used in a concentration that specifically inhibited IGF-1R, AG1024 increased radiosensitivity of U1810 cells. Downstream consequences of IGF-1R activation were examined by selectively inhibiting PI3-K and p38 kinase, previously identified as IGF-1R mediators of cytoprotective responses after radiation (Heron-Milhavet et al., 2001; Wan et al., 2001; Wen et al., 2001 ). In accordance with other studies, we found that both p38 kinase and PI3-K inhibition induced radiosensitivity in IGF-1-stimulated U1810 cells, indicating that these proteins were part of IGF-1R signaling in response to radiation. Moreover, the importance of IGF-1R in this cellular system was once again emphasized. The set of experiments plotted in Figure 3 led to the speculation that IGF-1 not only rescued U1810 cells from radiationinduced growth stasis but also ameliorated the effects induced by PI3 kinase and p38 kinase inhibitors. In addition, we provided evidence that in U1810 lung cancer cells, activation of IGF-1R resulted in binding of IGF-1R to p38 kinase, thereby inducing p38 kinase phosphorylation. IGF-1R inhibition by AG1024 led to IGF-1R/p38 kinase complex disruption with a subsequent p38 kinase inactivation. A crosstalk between PI3-K and p38 kinase was reported in other cell systems (Fegley et al., 2003; Yamagishi et al., 2003) . In U1810 cells, inhibition of PI3-K induced a slight increase in p38 kinase phosphorylation but the IGF-1R/p38 kinase complex formation was PI3-K-independent.
In defining the biological importance of IGF-1R function on radiation-induced cellular responses, the receptor activation profile was linked to DNA repair, previously shown to require IGF-1R signaling (Trojanek et al., 2003) . IGF-1R involvement in DNA repair was described (Heron-Milhavet et al., 2001; Trojanek et al., 2003) , nevertheless little is known about the mechanism of action. So far, the only established connection includes the ataxia telangiectasia mutated kinase and the IGF-IR (Shahrabani-Gargir et al., 2004) . A central figure in many damage response pathways is the DNA-PK holoenzyme that consists of a catalytic subunit (DNA-PKcs) and a heterodimeric complex composed of the proteins Ku70 (70 kDa) and Ku86 (86 kDa). The heterodimeric Ku70/86 complex is the DNA-binding component of DNA-PK holoenzyme that plays a crucial role in mammalian DNA double-strand break repair (Gottlieb and Jackson, 1993) .
For this reason, it was of interest to examine any linkage between IGF-1R signaling and Ku proteins, in response to g-radiation. Using a radioresistant lung cancer cell line (U1810) (Brodin et al., 1991) , previously reported to be dependent on IGF-1R function in response to g-radiation (Cosaceanu et al., 2005) , we found that one mechanism by which IGF-1R influenced radiation response was through modulating Ku-DNAbinding capacity. It was described that inhibition of EGFR signaling induced a physical interaction between EGFR and the DNA-PK catalytic subunit or Ku70/86, in a variety of cell types, both in vivo and in vitro (Bandyopadhyay et al., 1998) . These authors suggested that EGFR function was important in maintaining nuclear levels of DNA-PK. In our experiments, we also observed that IGF-1R inhibition caused the decrease of Ku86 nuclear level in U1810-irradiated cells. The total nuclear level of Ku70 remained unchanged after combined treatment, but it decreased in the Ku70/86 complex as a consequence of the Ku86 reduction. In IGF-1-stimulated U1810 cells, g-radiation induced activation of Ku-DNA binding within 4 h, which lasted for at least 72 h. The maximal Ku-DNA-binding capacity was observed 12 h post-irradiation. No Ku-DNA-binding activity could be detected in irradiated U1810 cells with an impaired IGF-1R function. Further on, we discovered that IGF-1R modulated Ku-DNAbinding capacity as well as Ku86 nuclear level through p38 kinase. Unexpectedly, PI3-K was not involved in these mechanisms. Although both PI3-K and p38 kinase proved to be part of IGF-1R-mediated radioprotection in U1810 cells, the absence of Ku-DNA-binding inactivation as well as nuclear Ku86 downregulation following PI3-K inhibition suggested that the crosstalk between p38 kinase and PI3-K was apparently lost and indicated that IGF-1R induced radioprotection by two distinct mechanisms in U1810 cells. Several studies focused on PI3-K and MAPK pathway in IGF-1R-mediated cell survival. For example, it was reported that IGF-1 protected fibroblasts from the apoptosis caused by UVB light through the activation of PI3-K/Akt pathway whereas the MAPK pathway might be important for the survival of fibroblasts overexpressing IGF-1R, independently of PI3-K/Akt pathway (Kulik et al., 1997; Parrizas et al., 1997b ; Kulik and Weber, IGF-1R role in resistance to ionizing radiation D Cosaceanu et al 1998). The mechanism by which PI3-K induced radiosensitivity was not investigated in this study but it could be Akt-mediated, as reported recently in NSCLC (Gupta et al., 2004) . Both DNA-binding activity and Ku86 downregulation seemed to be involved in U1810 cells radiosensitization with similar coupling mechanisms to the IGF-1R. However, the downregulation of Ku86 by IGF-1R inactivation occurred at a later time point than the reduction in DNA binding. This made difficult the interpretation of the relationship between DNA binding and Ku86 condition. Because IGF-I is a strong mitogenic factor, it might be possible that IGF-1R inactivation blocked radiation-induced Ku activation, leading to attenuation of DNA-binding activation, followed by Ku86 degradation or translocation to the cytoplasm and finally decreasing of complex formation. One could also speculate that IGF-1R inactivation induced a decrease in DNA-binding capacity prior affecting the Ku86 condition. Other mechanisms that potentially explain the relation between DNA-binding capacity and Ku86 expression in response to irradiation after IGF-1R inactivation are not excluded. Additional studies are needed to clarify this issue.
Collectively, our data demonstrated for the first time that g-radiation activated IGF-1R within 10 min triggering a cytoprotective signaling in U1810 NSCLC cells. Impaired IGF-1R function increased radiosensitivity by a novel mechanism involving the decrease in Ku-DNAbinding activity and nuclear Ku86 downregulation. This novel mechanism was provided to be p38 kinasedependent. Our findings may have potential important implications regarding the mitogenic signaling of lung cancer in response to g-radiation.
Materials and methods
Reagents
Cell culture reagents were purchased from Invitrogen/Life Technologies Inc. (Rockville, MD, USA). The antibodies against IGF-1Ra (1H7, N20), IGF-1Rb (C20), IGF-1 (H70), IGF-2 (H103), anti-phosphotyrosine (PY99), p38 (H147), phosphop38 (D8) and Protein A/G Plus Agarose were purchased from Santa Cruz Biotechnology, Scandinavian Diagnostic Services (Falkenberg, Sweden). The antibodies against KU (p70) and KU (p86) were purchased from NeoMarkers (Fremont, CA, USA). Anti-rabbit and antimouse secondary antibodies conjugated to horseradish peroxidase (HRP) and enhanced chemiluminescence Western blotting analysis system, were purchased from Amersham Pharmacia Biotech UK Limited (UK). Recombinant human IGF-1 and IGF-2 was purchased from R&D Systems Inc. (Minneapolis, MN, USA). Tyrphostin AG1024 was purchased from Sigma (St Louis, MO, USA). SB202190 and Ly294002 were purchased from Calbiochem (La Jolla, CA, USA). AG1024, SB 202190 and Ly294002 were diluted in dimethylsulfoxide (DMSO) to a stock concentration of 10 mM and stored at À201C. The DMSO concentration was below 0.1% when the inhibitors were added in the cultured medium. MTT Cell proliferation Kit was purchased from Roche Diagnostics GmbH (Mannheim, Germany). DNA Repair Kit Ku70/86 and p38 Elisa Kit were purchased from Active Motif (CA, USA).
Cells and cell culture U1810 lung cancer cell line was established at the University of Uppsala and has been previously characterized (Carney et al., 1983; Brodin et al., 1991; Sirzen et al., 1999) . The cells were cultured in Rosewell Park Memorial Institute medium (RPMI) 1640 containing 10% fetal bovine serum (FBS), 2 mM glutamine and antibiotic (100 IU/ml penicillin and 100 IU/ml streptomycin). The cells were grown in tissue culture flasks maintained at 95% air/5% CO 2 atmosphere at 371C in a humidified incubator. For experimental purposes, cells were cultured in 35-mm, 60-mm, 150-mm dishes or in 96-well culture plates. For the analysis of IGF-1R activation by endogenous IGF-1, standard medium was replaced with serum-free medium containing 50 ng/ml IGF-1 for periods of times indicated in the figure legends. IGF-1R, PI-3K and p38 kinase were inhibited by 5 mM AG1024, 10 mM LY 294002 and 10 mM SB 202190, respectively, for periods of times indicated in the figure legends. Appropriate control groups with diluents only were included.
Irradiation
Cells were irradiated in a culture medium at room temperature with 8 Gy, using a 137Cs source at a dose rate of 1.55 Gy/min.
Cell proliferation assessment
To investigate the effect of IGF-1R, PI3-K and p38 inhibitors, U1810 cells were seeded in RPMI 10% FBS, at a density of 10 5 cells/well, in six-well plates. After 8 h, medium was changed and cells were starved overnight. Then IGF-1-unstimulated or -stimulated U1810 cells were exposed to a radiation dose of 8 Gy with or without concomitant administration of the following drugs: 5 mM AG1024, 10 mM LY294002 or 10 mM SB202190. After 96 h, the cell growth was evaluated on harvested cultures by trypan blue vital cell count The relative cell viability was expressed as a percentage of that in irradiated, unstimulated, starved U1810 control cultures.
Cell lysis
To prepare whole-cell extract, cells were collected in phosphate-buffered saline (PBS)/PIB 5% (Phosphatase Inhibitor buffer: 125 mM NaF; 250 mM b-glycerophosphate; 250 nM para-nitrophenyl phosphate; 25 mM NaVO 3 ) and lysed in Lysis buffer (20 mm Tris-HCl (pH 7.5); 150 mm NaCl; 1 mM CaCl2; 1 mM MgCl2; 10% glycerol; 1% Nonidet P-40). Solubilized proteins were separated from the cell debris by centrifugation. To prepare the nuclear and the cytoplasmic extracts, the cells were collected in ice-cold PBS in the presence of phosphatase inhibitors and washed two times. Then, the cells were resuspended in Hypotonic buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 5 mM NaF, 10 mM Na 2 MoO 4 , 0.1mM ethylenediaminetetraacetic acid (pH 7.5)) and incubated for 15 min on ice. The homogenate was centrifuged for 30 s at 41C. The cytoplasmic fraction was collected and stored at À801C. The nuclear pellet was resuspended in Lysis buffer, in the presence of Protease Inhibitor Cocktail (2 mg/ml aprotinin, 2 mg/ml leupeptin, 1 mM phenylmethylsulfonylfluoride) and incubated for 30 min on ice, on a shaking platform. The nuclear extract was obtained by centrifugation for 10 min at 14 000 g.
Protein concentrations were analysed by the method of Bradford (Bio-Rad, Hercules, CA, USA).
Immunoprecipitation
A total of 500 mg of total cellular proteins was first precleared with 25 ml of protein A/G Plus-agarose for 30 min and then incubated overnight with 1 mg of primary antibodies. A total of IGF-1R role in resistance to ionizing radiation D Cosaceanu et al 25 ml of protein A/G Plus-agarose was added for 4 h. All steps were carried out on a rocker at 41C. Immune complexes were collected by centrifugation at 12 000 Â g for 1 min. Immunoprecipitates were washed five times with 500 ml each Lysis Buffer, by resuspension and centrifugation. After the final wash, immunoprecipitates were resuspended in 30 ml of Lysis buffer and 30 ml 2Â loading buffer containing 30 mg/ml dithiothreitol. Samples were boiled for 5 min, centrifuged, and supernatants were subjected to sodium dodecyl sulfatepolyacylamide gel electrophoresis (SDS-PAGE).
Immunoblotting
For immunoblotting, 100 mg of cellular proteins were subjected to reducing SDS-PAGE on 10% polyacrylamide and then the proteins were transferred to nitrocellulose membrane. Membranes were blocked with 5% nonfat dry milk in Tris-buffered saline with Tween 20 (TBST) (0.15 M NaCl; 0.01 M Tris-HCl (pH 7.4); 0.05% Tween 20) for 1 h at room temperature with gentle shaking. Membranes were then washed three times with TBST for 5 min each. For detecting proteins expression or activation, membranes were incubated with different primary antibodies, in TBST for 1 h at room temperature. Membranes were washed three times with TBST for 5 min each, followed by incubation with 1:2000 dilution of anti-rabbit or anti-mouse secondary antibody conjugated to HRP, for 1 h at room temperature. Membranes were washed as before and chemiluminescence was performed.
Analysis of IGF-I/IGF-II secretion by U1810 cells IGF peptide secretion was evaluated using an immunoassay. The IGF-1 and IGF-2 protein levels were measured in undiluted samples by non-extraction IGF-1 or IGF-2 ELISA as per manufacturer's instruction. Briefly, the pretreated samples, the standards and the controls are incubated in microtitration well plates precoated with anti-IGF-1 or anti-IGF-2 antibodies. After washing, first there is an incubation step with HRP-labeled anti-IGF-1 or anti-IGF-2 antibodies followed by washing and incubation with the substrate tetramethylbenzidine. An acidic stopping solution is added and the degree of enzymatic turnover of the substrate is determined by dual wavelength absorbance measurement at 450 and 620 nm. Sets of IGF-1 or IGF-2 standards are used to plot a standard curve of absorbance from which the IGF-1 or IGF-2 concentrations from the samples can be calculated. The Diagnostic System Laboratories kit sensitivity is 0.01 ng/ml for the IGF-1 ELISA and 2.2 ng/ml for the IGF-2.
Enzyme-linked immunosorbent assay
Face ELISA for protein-specific phosphorylations was carried out according to the manufacture (Active Motif, CA, USA). Cells were cultured in a 96-well plate, treated as described above and then assayed with the anti-phospho p38 kinase antibody, using the following procedure: at the desired time, cells were fixated in formaldehyde 4% for 20 min at room temperature. A buffer containing 1% H 2 O 2 and 0.1% sodium azide was added for another 20 min, followed by 1 h incubation with Antibody Blocking buffer, both steps at room temperature and with mild agitation. The primary antibody was added in 1:200 dilution, overnight, at 41C. The 1:1000 diluted HRP-conjugated secondary antibody was incubated for 1 h at room temperature. Each step described above was followed by a 15 min of washing. The colorimetric reaction was started by adding 100 ml of Developing Solution, protected from direct light. After 10-15 min, when the darkest stained wells were medium to dark blue, the reaction is stopped with 100 ml Stop Solution. The absorbance was read within 5 min at 450 nm wavelength. In the same experiment, the cell number was quantified by using Crystal Violet staining. After 30 min incubation at room temperature with 100 ml of Crystal Violet stain, 100 ml of 1% SDS were added per well and incubated on an orbital shaker. The absorbance was read 1 h later at 595 nm wavelengths. The p38 kinase phosphorylation has been evaluated relative to cell number.
Ku-DNA binding Cells were stimulated with IGF-1, untreated or treated with 5 mM AG1024, 10 mM LY 294002 or 10 mM SB 202190, irradiated with 8 Gy or irradiated with 8 Gy in the presence of 5 mM AG1024, 10 mM LY 294002 or 10 mM SB 202190, for periods of times indicated in the figure legends. At the desired time points, nuclear extract from each sample was prepared. The assay uses a 96-well plate, provided by the manufacturer, each well having mobilized a linear oligonucleotide with a blunt end. Positive controls, provided by the manufacturer were included. The Ku competitor oligonucleotides, provided by the manufacturer were also included, in order to monitor the specificity of the assay. All reactions took place at room temperature, with mild agitation. Between all steps, the wells were washed three or four times. Ten micrograms of nuclear extract on each well was added in triplicates, in combination with 40 ml binding buffer. After 1 h, the primary antibody was added in a dilution of 1:200, followed by the secondary HRPconjugated antibody diluted 1:1000. Each antibody was incubated for 1 h. The colorimetric reaction was started by adding 100 ml of Developing Solution protected from direct light. After 2-4 min, when the color in the positive control wells turned medium to dark blue, the reaction was stopped with 100 ml Stop Solution. The absorbance was read within 5 min at 450 nm wavelength.
